The feasibility of measuring the Higgs-boson properties at the Photon Collider at TESLA has been studied in detail for masses between 180 and 350 GeV, using realistic luminosity spectra and detector simulation. We consider the so called solution B h of the Standard Model-like Two Higgs Doublet Model (II), without and with CP-violation. From the combined measurement of the invariant-mass distributions in the ZZ and W + W − decay-channels, sensitive to both the two-photon width Γ γγ and phase φ γγ , parameters of the model can be precisely determined. We found out that after one year of Photon Collider running the expected precision in the measurement of tan β is of the order of 10%, for both light and heavy scalar Higgs bosons. The H −A mixing angle Φ HA , characterizing a weak CP violation in the model, can be determined to about 100 mrad, for low tan β.
Introduction
A photon collider has been proposed as a natural extension of the e + e − linear collider [1] . The physics potential of a photon collider is very rich and complementary to the physics program of the e + e − and hadron-hadron colliders. It is an ideal place to study the mechanism of the electroweak symmetry breaking (EWSB) and the properties of the Higgs-boson. In paper [2] we performed realistic simulation of SM Higgs-boson production at the TESLA Photon Collider [3] for W + W − and ZZ decay channels, for Higgs-boson masses above 150 GeV. Due to the interference with a large Standard Model background, the process γγ → higgs → W + W − /ZZ turns out to be sensitive not only to the γγ partial width Γ γγ , but also to the phase of the γγ → higgs coupling, φ γγ . We found that precise measurements of both Γ γγ and φ γγ are crucial for determination of the Higgs-boson couplings, see also [4, 5, 6, 7, 8] . Therefor, as we have found in [2] , it is extremely important to combine both W + W − and ZZ channels, as the first one due to a large background is very sensitive to a phase, while the second -to a partial width. From combined analysis of W + W − and ZZ decay channels the γγ partial width can be measured with an accuracy of 3 to 8% and the phase of the amplitude with an accuracy between 30 and 100 mrad.
In this paper we extend this analysis to the SM-like Two Higgs Doublet Model 2HDM (II), with and without CP-conservation. We perform the combined analysis of W + W − and ZZ invariant-mass distributions and extract the corresponding Higgs-boson coupling to gauge bosons, which in the SM-like scenario we consider is governed by only one parameter (tan β). For 2HDM model with a CP violation, we estimate the precision of the measurement of H − A mixing angle. The systematic uncertainties of the coupling and mixing angle measurements are estimated. Results given in this paper supersede preliminary results presented in the first part of our earlier work [9] .
Event simulation
The Compton back-scattering of a laser light off high-energy electrons is considered as a source of high energy, highly polarized photon beams at Photon Collider [1] . According to the current design [3] , the energy of the laser photons is assumed to be fixed for all considered electron-beam energies. With 100% circular polarization of laser photons and 85% longitudinal polarization of the electron beam the luminosity spectra peaked at high γγ invariant masses is expected.
Our analysis uses the CompAZ parametrization [10] of the realistic luminosity spectra for a Photon Collider at TESLA [11] . We assume that the centre-of-mass energy of colliding electron beams, √ s ee , is optimised for the production of a Higgs boson with a given mass. The event generation according to the cross-section formula for a vector-boson production (direct production in γγ interactions, Higgs-boson decays into the vector bosons and contribution from the interference terms) [4, 5, 12] is based on PYTHIA 6.152 [13] . The fast simulation program SIMDET version 3.01 [14] is used to model the TESLA detector performance. The selection cuts are applied to select γγ → W + W − →and γγ → ZZ → llqq events (l = µ, e). Details of event selection are given in [2] .
All results presented in this paper were obtained for an integrated luminosity corresponding to one year of the photon collider running, as given by [11] . The total photon-photon luminosity increases from about 600 fb −1 for √ s ee = 305 GeV (optimal beam energy choice for M = 200 GeV) to about 1000 fb −1 for √ s ee = 500 GeV (M = 350 GeV).
3 Measurement of width Γ γγ and phase φ γγ from the invariant-mass distributions in γγ → higgs → W W/ZZ
In this section we summarise results of [2] , where the feasibility of measuring Standard Model Higgs-boson production in W + W − and ZZ decay channels at the γγ option of TESLA has been studied for a Higgs-boson mass above 150 GeV. We have studied the signal, i.e. the Higgsboson decays into the vector bosons, and the background from direct vector-bosons production to extract the width and the phase of the loop higgs → γγ coupling. For the ZZ final-state a direct, i.e. non-resonant, process is rare as it occurs via loop only. On contrary, the nonresonant W + W − production is a tree-level process, and is expected to be large. Therefore, also an interference between the signal of W + W − production via the Higgs resonance and the background from the direct W + W − production may be large. This effect can be used to access an information about the phase φ γγ . For the Higgs-boson masses around 350 GeV we found that the phase φ γγ is more sensitive to the loop contributions of new, heavy charged particles than the width Γ γγ itself.
Good invariant-mass resolution is essential for the proposed measurement. For W + W − events only W + W − →decay channel is considered, as without beam-energy constraint the semileptonic W ± decays worsen the mass resolution. The final selection efficiency for γγ → W + W − events is between 20% for W γγ ∼ 200 GeV and 16% for W γγ ∼ 400 GeV (including 47% probability for both W ± to decay into hadrons). Resolution in the reconstructed γγ invariant mass for these events, described by the parameter Γ (from the Breit-Wigner type fit), changes from about 6.5 GeV at W γγ = 200 GeV to about 13 GeV at W γγ = 400 GeV.
For ZZ events, only ZZ → llqq decay channel is considered, where one Z decays into e + e − or µ + µ − . Lepton tagging and the invariant-mass reconstruction for both the lepton pair and the two hadronic jets is crucial for suppression of the background from the direct γγ → W + W − events. After all cuts, the selection efficiency for ZZ events is only about 5%, mainly due to a small branching ratio for the considered channel (9.4% for ZZ → llqq, l = e, µ), however, the final sample is very clean. For the llqq final state we get the invariant-mass resolution Γ changing from about 5.5 GeV at W γγ = 200 GeV to about 7.5 GeV at W γγ = 400 GeV.
The invariant-mass resolution obtained from a full simulation of W + W − and ZZ events, based on the PYTHIA and SIMDET programs, has been parametrized as a function of the γγ centre-of-mass energy, W γγ . The parametric description of the expected invariant mass distributions for γγ → W + W − and γγ → ZZ events can be then obtained by the numerical convolution of the relevant cross-sections with the CompAZ spectra and the parametrized resolution. Based on this description, many experiments were simulated, each corresponding to one year of a Photon Collider running at TESLA at a nominal luminosity. The "theoretical" distributions were then fitted, simultaneously to the observed W + W − and ZZ mass spectra, with the width Γ γγ and phase φ γγ considered as the only free parameters. Assuming the Standard Model Higgs-boson branching ratios, and with a proper choice of the electron-beam energy, the γγ partial width can be measured with an accuracy of 3 to 8%, while the phase of the amplitude with an accuracy between 35 and 100 mrad [2] .
The φ γγ measurement opens a new window to a precise determination of the Higgs-boson couplings and to search of a "new physics". It turns out that the phase is constrained predominantly by the W + W − invariant-mass distribution, thanks to large interference effects between Higgs-boson decay into W + W − and non-resonant W + W − production. However, the two-photon width of the Higgs-boson is much better constrained by the measurement of the ZZ mass spectra, as the non-resonant background is much smaller here. A precise determination of both parameters is only possible when both measurements are combined.
Determination of the Higgs-boson couplings in the CP-conserving SM-like Two Higgs Doublet Model
In our previous analysis [2] we have considered possible deviations from the Standard Model predictions resulting from the loop contributions to the hγγ vertex of new heavy charged particles. However, deviations in the two-photon width and phase can also appear if the couplings of the Higgs-boson to the other particles are different than those predicted by the Standard Model. This possibility is studied in this paper, see also [15] .
As the simplest model we consider the Standard Model-like Two Higgs Doublet Model (II) (SM-like 2HDM (II)) [15] with CP conservation, and the Higgs sector containing h, H, A and H ± bosons. We study a simple version of the so called solution B h , where the lightest Higgsboson h couplings to fermions are fixed with the same values as in the Standard Model, except that for up-type fermions the sign is opposite. In such a case, the two-gluon partial width, Γ gg , dominated by the top-quark loop contribution, is very close to the SM predictions and the measurement of h production in the gluon-gluon fusion at the LHC could indicate no deviations from SM. On the other hand, in this solution, the couplings of h to the EW gauge-bosons V ,
• , may differ from the corresponding SM predictions, leading to sizable effects at e + e − Linear Collider or Photon Collider. In such model there is only one parameter, tan β =
, and all remaining couplings of h and all couplings of H and A can be expressed in terms of it, as presented in the table 1.
1 An important observation is that the ratio of h and H branching ratios to vector bosons, BR(higgs → ZZ)/BR(higgs → W + W − ) does not depend on the tan β value and for a given Higgs boson mass it is expected to be the same as in the Standard Model.
For tan β ≪ 1 one expects significant deviations from the Standard Model predictions for a light Higgs-boson h, both for the two-photon width and phase. As compared to the SM there is a change of a relative sign of the top-quark and the W contribution. Therefore the 1 h and H couplings to the charged higgs boson H ± , contributing to hγγ and Hγγ vertexes, are calculated according to the 2HDM II potential [15] assuming µ=0.
two-photon width in 2HDM II (sol. B h ) is significantly larger than in the Standard Model, where these two contributions partly cancel each other. For tan β ∼ 1 the two-photon width decreases, due to the suppressed W -loop contribution (χ V = cos(2β) ≈ 0). Finally, for large values of tan β (cos(2β) ≈ −1) the two-photon width of the light Higgs-boson h tends to be close to the expectations of the Standard Model, since the only difference is due to the presence of the heavy charged Higgs-boson in the loop. The opposite, as compared to SM, sign of the down-type fermion contributions gives negligible effect.
Results for the light Higgs-boson h with mass M h = 300 GeV, from the measurement of the two-photon width (times the vector-boson branching ratio) and phase are presented in Fig. 1 for various tan β values and the charged Higgs-boson mass of 800 GeV. Statistical error contours (1σ) on the expected deviation from the Standard-Model predictions are obtained from the combined fit to the invariant-mass distributions for W + W − and ZZ events. They correspond to L γγ ≈ 840 fb −1 . These contours show that the measurement of the two-photon width and phase for the light Higgs-boson h decaying into W + W − and ZZ would allow a precise determination of the tan β value. The possible ambiguity in the measurement of the two-photon width, observed for low value of Γ γγ · BR(h → V V ), can be resolved by the phase measurement, which clearly distinguishes between low tan β and large tan β solutions.
The statistical error on the extracted tan β value is shown in Fig. 2 for different values of the light Higgs-boson mass M h . The expected error in the tan β determination is smallest (from about 1.5% for M h = 200 GeV to about 4% for M h = 350 GeV) for tan β ≈ 0.7, i.e. close to 1. Although the resonant production cross section is small in this region (for tan β = 1 it vanishes exactly at tree level), the Higgs-boson coupling to the vector bosons is most sensitive to tan β. For very high and very low tan β, when the relative Higgs-boson coupling to the vector bosons is close to ±1 (table 1), the precise measurement of tan β is not possible.
The measurement of the two-photon width and phase has been investigated also for the heavy scalar Higgs-boson H of the SM-like Two Higgs Doublet Model (II) sol. B h (as before), with couplings as given in table 1. Statistical error contours (1σ) on the expected deviations from the Standard Model predictions are presented in Fig. 3 , for the heavy scalar H with mass M H = 300 GeV, while a light Higgs-boson mass is set to 120 GeV and that of the charged Higgs-boson to 800 GeV. For tan β ∼ 1 both the two-photon width and phase of H are close to the expectations of the Standard Model (for a given M H ). For tan β > 1 both the top-quark and W contributions to the two-photon width are strongly suppressed and the precision of the measurement deteriorates fast with increasing tan β. For tan β < 1 the W -loop contribution decreases with decreasing tan β, however the top-quark contribution to the two-photon width increases. As a result, the two-photon width decreases slightly for tan β ∼ 0.5 and then starts to increase with decreasing tan β. For tan β ∼ 0.1 the Higgs-boson decay to cc starts to dominate. The expected number of events with the W + W − and ZZ decays drops rapidly and the measurement becomes problematic again.
The statistical error on the extracted tan β value is shown in Fig. 4 . Results are given for four values of heavy scalar Higgs-boson mass M H , from 200 to 350 GeV. The expected error in the tan β determination is smallest (1-2 %) for tan β ≈0.2. For larger values of tan β, 0.3 ≤ tan β ≤ 0.8, the precision depends strongly on the Higgs-boson mass. For mass of 200 GeV it changes between 2 and 4%, whereas for mass of 350 GeV it is between 2 and 10%. We checked that the precise measurement is also possible for 1.5 ≤ tan β ≤ 5, with statistical errors from 3-4% for M H =200 GeV to 10-20% for M H =350 GeV. 
Determination of CP properties of the Higgs boson in the SM-like Two Higgs Doublet Model with a weak CP violation
In the general Two Higgs Doublet Model [16] , the mass eigenstates of the neutral Higgs-bosons h 1 , h 2 and h 3 do not match CP eigenstates h, H and A. As in section 4 we consider here a SM-like version of the CP-violating Two Higgs Doublet Model, solution B h . This time we allow for a weak CP violation through a small mixing between H and A states. We consider a simple option, where the couplings of the lightest mass-eigenstate h 1 (with mass 120 GeV) are expected to correspond to the couplings of h boson, whereas couplings of h 2 and h 3 states can be described as the superposition of H and A couplings. For relative basic couplings (see table 1 ) we have: where X denotes a fermion or a vector boson, X = u, d, V . We study the feasibility of the determination of the mixing angle Φ HA from the combined measurement of the two-photon width and phase for the Higgs-boson mass-eigenstate h 2 .
Results of the combined analysis (WW/ZZ decay channels) of the measurement of the twophoton width (times vector-boson branching ratio) and phase for the scalar Higgs-boson h 2 with mass M h 2 = 300 GeV are presented in Fig. 5 for the light Higgs-boson mass M h 1 = 120 GeV and M H ± = 800 GeV. Error contours (1σ) on the measured deviation from the Standard Model predictions are shown for Φ HA = 0, i.e. when CP is conserved, and for CP violation with Φ HA = ±0.3 rad. Even a small CP-violation can significantly influence the measured twophoton width and two-photon phase, and therefore it is possible to determine precisely both the CP-violating mixing angle Φ HA and the parameter tan β.
Next we address a question: how well can one establish conservation of CP-symmetry in the considered model? The answer can be read out from Fig. 6 where the statistical error in the determination of the angle Φ HA , around Φ HA = 0 value, is shown. The results are presented as a function of tan β for four values of Higgs-boson mass M h 2 , from 200 to 350 GeV. As above, we assume a light Higgs-boson mass is equal to 120 GeV and the charged Higgs-boson mass of 800 GeV. Here Φ HA is considered as the only free parameter in the fit. The tan β value is fixed, i.e. it is assumed to be known precisely from an independent measurements. Influence of error correlations between Φ HA and tan β, which have to be taken into account when both parameters are determined simultaneously from the fit, will be discussed in section 6.
The expected statistical error in the determination of Φ HA is smallest (∼20 mrad) for tan β ≈ 0.3. For tan β ∼ 1 the error changes from about 30 mrad for mass of 350 GeV to 80 mrad for mass of 200 GeV. For larger values of tan β the precision of the measurement worsens fast with increasing tan β value. In the considered range of tan β the precision of phase measurement improves when Higgs-boson mass increases.
Systematic uncertainties
In sections 4 and 5 we considered the statistical errors of the extracted model parameter (tan β or Φ HA ) expected from the one-parameter fit of the theoretical expectations (cross section convoluted with luminosity spectra and detector resolution) to the measured invariant-mass distributions of W + W − and ZZ events. However, as a large sample of events is expected, especially in the γγ → W + W − channel, systematic uncertainties can significantly influence the final precision and they have to be taken into account. In case of 2HDM with CP violation, also the possible correlations between Φ HA and tan β have to be considered if both parameters are used in the fit.
The following sources of systematic uncertainties were considered in the analysis:
• uncertainty in the integrated γγ luminosity
• uncertainty in the shape of the luminosity spectra The simultaneous fit to the observed W + W − and ZZ mass spectra, with light Higgs-boson mass of 120 GeV, charged Higgs-boson mass of 800 GeV, and no H − A mixing (Φ HA = 0), Eq. 1. The tan β value is assumed to be known precisely from an independent measurements.
• uncertainty in the Higgs-boson mass (from other measurements)
• uncertainty in the total Higgs-boson width
• energy and mass scale uncertainty of the detector
• uncertainty in the reconstructed mass resolution In order to take these uncertainties into account we allow additional parameters to vary in the fit. Three model parameters, which were fixed in the previous approach, are now considered as free parameters: the integrated γγ luminosity, the Higgs-boson mass and the total Higgs-boson width. To describe uncertainty in the shape of the luminosity spectra, two new parameters A and B were introduced, modifying the CompAZ spectra according to the formula:
where
. This accounts for possible smooth variations of the luminosity spectra in the invariant-mass range from W min to W max considered in the fit.
2 If the detector energy scale and mass resolution are also considered as free parameters in the fit, very large correlations between fitted parameters are observed. This is because, in the limited mass range used for the fit, deviation of the invariant mass spectra due to the energy scale shift is similar to the one resulting from the shift in the Higgs-boson mass. Similar is true for the mass resolution and the Higgs-boson width. Therefore, energy scale and mass resolution were fixed in the fit as the variations of the Higgs-boson mass and total width already account to large extent for possible uncertainties of these parameters.
Variations of the five parameters listed above allow us to account for possible deviations of the invariant-mass distributions from the nominal model expectation due to the systematic uncertainties. We do not impose any additional constraints on these parameters, which could arise from the independent measurements (e.g. luminosity measurement in other process or Higgs-boson mass measurement at LC). Therefore our estimate of systematic effects should be considered as the conservative one.
In Fig. 7 we present the influence of systematic effects on tan β (upper plot) and Φ HA (lower plot) measurement, for a heavy Higgs-boson with mass of 300 GeV. We assume here the SM-like 2HDM II (sol. B h ), with the light Higgs-boson mass of 120 GeV, charged Higgs-boson mass of 800 GeV, and no H − A mixing (i.e. Φ HA = 0). Errors expected without (dashed lines) and with (solid lines) systematic uncertainties are compared. Also shown is the comparison of the errors expected from the simultaneous fit of both tan β and Φ HA (thick lines) and from separate fits (thin lines). Systematic uncertainties significantly influence the precision of the measurement, both for tan β and Φ HA . The effect depends strongly on tan β value. Systematic effects increase the expected error by up to factor of 5 for tan β measurement at the highest tan β values. Also the correlations between tan β and Φ HA , in the simultaneous fit of both parameters, increase the expected errors, for some cases by factor of 2 or more. It should also be noted that the effect of the parameter correlations is significantly larger when systematic uncertainties are taken into account. 
Final results
Results presented in sections 4 and 5 have been corrected for the systematic effects and the possible parameter correlations, as described in section 6. Final results of the analysis, for 2HDM II (sol. B h ) without CP violation, are presented in Fig. 8 . Total error in the determination of tan β, as expected from the combined fit to the observed W + W − and ZZ mass spectra, is presented for the light (upper plot) and the heavy (lower plot) Higgs boson. In the wide range of the considered tan β and Higgs-boson mass values, tan β can be measured with precision better than 10%. Although the systematic uncertainties significantly influence the measurement, the total error of the order of 2% is still expected for most favourable choice of model parameters.
Total errors in the determination of tan β and the angle Φ HA , for 2HDM II (sol. B h ) with a possible weak CP violation through a small mixing between H and A states, are presented in Fig. 9 , for four values of heavy Higgs-boson mass. Errors are evaluated for light Higgsboson mass of 120 GeV, charged Higgs-boson mass of 800 GeV, and Φ HA = 0. The error on tan β increases significantly when Φ HA is included in the fit (compare Fig. 8 ). In most of the considered parameter space it is between 5 and 20%. The error on Φ HA is below ∼100 mrad for tan β ≤ 1 and increases rapidly for high tan β values.
We conclude that in the low tan β region the assumption that CP-symmetry is conserved in SM-like 2HDM (II) can be precisely verified at the Photon Collider. However, the fact that the CP-conserving solution B h fails to describe the data, does not necessarly prove the violation of CP. Observed discrepancies could also point to the more general solution of 2HDM (II). In such a case combined analysis of LHC, Linear Collider and Photon Collider data will be needed to establish a possible evidence for CP-violation [17, 18] .
Summary
The feasibility of measuring the Higgs-boson properties at the the Photon Collider at TESLA has been studied in detail for masses between 180 and 350 GeV, using realistic luminosity spectra and detector simulation. We consider the so called solution B h of the Standard Modellike Two Higgs Doublet Model, with and without CP-conservation. For the CP conserving case, couplings of the lightest Higgs-boson h to fermions have the same absolute values as in the Standard Model, and the coupling to the EW gauge-bosons is governed by only one parameter -tan β. From the combined measurement of the invariant-mass distributions in the ZZ and W + W − decay-channels, the parameter of the model can be precisely determined. After taking into account possible systematic uncertainties of the measurement, we found out that after one year of Photon Collider running the expected precision in the measurement of the Higgs-boson coupling (tan β) is of the order of 10%, for both light and heavy scalar Higgs boson. In case of the Two Higgs Doublet Model solution B h with a weak CP violation, the H − A mixing angle can be constrained. For low tan β values precision of about 100 mrad can be obtained (in a small-mixing approximation). The simultaneous fit of both parameters to the observed W + W − and ZZ mass spectra, is considered for the SM-like 2HDM II (sol. B h ), with light Higgs-boson mass of 120 GeV, charged Higgs-boson mass of 800 GeV, and no H − A mixing (Φ HA = 0), Eq. 1. Systematic uncertainties related to the luminosity spectra, Higgs boson mass and total with, energy scale and mass resolution are taken into account.
